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CHAPTER 1 


INTRODUCTION 

Brief Outline : 

Man has always used naturally available materials like wood, 
metals for various structural requirements- Alloying of metals 
provided an alternative to enhance the properties of metals- The 
requirement for improved material properties especially high 
strength and stiffness, large strength to weight ratio, 
ant i -corrosi ve nature and performance under high temperatures 
opened a new class of materials - fibre composites- The 
attractive set of properties led to development of high strength 
fibers of glass, carbon and Kevlar- These found new areas of 
application in aeronaut i cal , automobile and chemical 

i ndustr i es. 

Composite is an assembly of two material phases - the fibres 
and the matrix. The fibres provide strength while the matrix 
binds the fibres together. Both contribute to its lightness. 
Their combined nature gives performance character i st i cs not found 
in industrial constituents. 

A laminated composite is prepared by stacking of plies or 
laminae. The fibres in the plies being in either uni di recti onal 
or woven form; with the matrix in-between to bond the layers 
together. The stack is subjected to a cycle of high temperature 
and high pressures to obtain a final laminate. Fibre orientations 
of neighbouring layers, in general^ are not parallel to each 
other- The meeting plane of two such unlike plies is known as 
interface. Due to the anisotropic nature of the 
laminate, the interface forms potential site for separation of 



laminate' called del -ami nati on especi al 1 y under lc3ads. 

{.^ov^jever , Vc^rious studies have shown that braiding^ 3 L, 2«5"-D 

i^eaving and t hrough-tho-thi ckness stitching offers proniise for 
improved damage tolerance, interlaminar fracture toughness and 
capability to withst£ind out-of -pi ane loads m 

1*2 Modes of Failure : 

Ihe modes of failure occurring in a composite depend on the 
properties of const i tuents , stacki ng sequence, volume fraction of 
fibres, loading conditions and the mi crostructure. A composite 
may fail by the following modes^^^ : 

(i) Breaking of fibres 

(ii) Mi crocrack i ng of matrix 

(iii) Separation of fibres from matrix (debonding) 

(iv) Del ami nati on (separation of laminae from each 
other ) 

These modes may act jointly or separately. 

1^3 Delamination : 

Composites are mostly susceptible to delamination under low 
velocity impacts (less than the perforation velocity). This 
is due to: 

<i) Lack of through- the-thi ckness reinforcement 

(ii) Stress discontinuity between two plies with 

different fibre orientations due to the mismatch 
in engineering properties 

(iii) Delamination or interlaminar cracks propagate in 
between layers due to the brittle nature of the 


epoxy. 



The growth of delamination cracks result in progressive 
decreafse in stiffness and residual properties of composites. 

1*4 Fracture Mechanics of Delamination t 

The basic principles of fracture mechanics helps in 

understanding the phenomenon of del ami nat i oru In fracture 

mechanics two approaches are adopted to study the crack growth 

in isotropic materials namely, the stress approach and the energy 
( 2 > 

approach. Irwin studied the stress field ahead of the crack-tip 
and formulated relations between stresses and crack lengths using 
a proport i onal i ty constant for the stress field, stress intensity 
factor K. In the second approach, Gr i ff i th on the basis of 
energy equati on , expl ai ned the criteria of fracture as the total 
energy change due to crack propagation in brittle materials- 

The stress analysis in front of the crack tip in a composite 
is complex because of the local heterogenei ty and anisotropy. 
Thus the energy approach came into practice, character! z i ng the 
interlaminar fracture by energy release rate 6. G is defined as 
the rate of energy release per unit area of crack extension. 
External energy supplied causes the crack growth resulting in the 
formation of new surfaces. This brings in the? concept of critical 
energy release rate G^. G^ is that critical energy value beyond 
which the crack propagates. The physical parameter G is well 
defined mathematically and measurable in experiments. However, in 
evaluation of G, the material is regarded as elastic even at the 
crack tip. This limits its application to brittle materials in 
which the plastic zone at the crack tip is negligible. 

J-integral approach came into prominence since it deals with 
the complex cases of inelasticity in metals such as plastic flow 
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front of the crack tip. The tl~integral is now regarded a 

ful parameter in char-acter i z i ng cracks in metals. Its concepts 

e been e., tended to study through-the-thi ckness cracks in fibre 

posite laminates. Like the plastic zone formation at the crack* 
f i ’ 

P n a metal , a deformed zone is formed in a laminate? at the;' 
ck tip which involves matr“ix cracking, fibre breakage, 
onding etc. On the other hand, there is only a vc^ry small 
age ^one in front of a i nter 1 ami nar- crack. Both the cracked 

ves generally remain elastic leaving only a thin matrix 

2:one between the two j i 

^»^o piles to deform excessively. The crack 

ension at the tip complex possibly with multiple cracks and 

mechanisms are not understood so far. Since most of the 

ormation in a laminate is elastic it has been a common 

actice to use 0 characterizing parameter for 

interlaminar crack growth. 

*•5 Modes of Interlaminar Failure * 

In general, the interlaminar failure may occur by any one of 
^ three modes mode I, mode II or mode III (figure 1.1). Mode I 
'^ilure (opening mode) occurs when stress is applied at right 
Qles to the laminate plane in opposite directions resulting in 
ning of the laminate. Mode II failure (forward shear mode) is 
ed by in plane sh^ar stresses as in the case of 3— point 
ding, ii'ode III is ^ rare failure mode (parallel shear mode) 
duo to the anti-^piane shear stresses. 

E^.periments have shown that a mixed mode failure occurs due 
■ e combination of normal and interlaminar shear stresses 
P nding on the laminate conf i gurat i on and the loading 
ions. An appf-o^erh which could characterize the resistance 




(c) Mode III : antiplane shear loading 
(parallel shear mode) 


Fig. 1.1 


Modes of Crack Surface Displacement 


of a material to opening and shear modes i s a| prime importance- 

1*6 Intact t 

The absence of through-^he-thi ckness reinforcement makeE^ a 
laminated composite most vulnerable to impact damage- The 
toughne^ss values in composites are quite low which determine the 
amount of energy absorbed during impact. Low velocity impacts 
which do not penetrate the material cause damage over a large 
area mostly through deiamination. Structures made from composite 
materials such as body frames, I-sections having fixed or free 
boundaries are mostly subjected to lateral loads under service 
conditions. 

The cracks initiate and propagate delamination through 
several mechanisms such as: 

(i) Transverse cracks are nucleated on free surfaces by 
flexural loads which move inside and within the surface ply. They 
gain energy as they move. When they reach an interface they turn 
sideways, i.e. they become interlaminar cracks- 

(ii) Foliage occurs at the rear most interface caused by 
the tensile pulse generated at the rear free surface. 

Ciii) High shear stresses nucleate and propagate cracks near 
the mid plane. 

The first two mechanisms cause crack propagation mostly in 
mode II while the foliage In the third mechanism is mainly 
developed in mode I. Thus the study of dynamic mode I and mode II 
delamination for different composite materials is necessary to 
understand the material response and take definite approaches to 
improve interlaminar fracture toughness or delamination 


resistance. In this study only dynamic crack propagation in mode 
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1.7 Dyriamic Energy Release Rate r 

The dynamic rel ease rate is defined as the rate of 

mechanical energy flow out of the body and into the crack tip per- 

unit crack advance per unit thickness of the body in the 

direction perpendicular to the plane of dc^f or mati on .. Consi der a 

crack extending with a velocity v as shown in figure 1.2 . Around 

the region of the crack— tip, r is a small contour surrounding the 

C4) 

tip and connecting the two traction free surfaces -It is fixed 
both in size and orientation in the crack-tip reference frame as 
the crack grows. 

In analytical terms, the critical energy' release rate under- 
dynamic conditions is 

f F <T) 1 

G _ = Lim ■{ y (l.i 

T — »0 I V J 

where Fir) is the instantaneous rate of energy flow through 
the fixed contour t towards the crack tip and v is the crack 
velocity. The limit applies that the contour t shrinks onto the 
crack tip- The values calculated according to equation 1.1 are 
independent of the shape of t. 

The formulation is based on energy balance and the 
mechanical energy' is the sum of elastic strain energy and kinetic 
energy stored in an elastic body. The kinetic energies of rotary 
inertia and shear deformation are much smaller than the strain 
energy and are neglected. 
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Fig. 1.2 The contour f around the crack-tip 
moves with velocity v . 



CHAPTER 2 


LITERATURE SURVEY 


A number of methods have been proposed to characterize the 
resistance* to del ami nation in composites under shear loading 
based on bending tests using a starter crack to promote shear 
failure. The testing methods inciude^'^^ : 

(i) End Notch Flexure (END test 

(ii) End Loaded Split (ELS) test for thin specimens 

(iii) End Notched Cantilever Beam (ENCB) test for 
thick specimens 

(iv) Cantilever Beam Enclosed Notch (CBEN) test. 

Figure 2.1 shows the schematic diagrams of Mode II bending 

tests- 

Ihe ENF test has received considerable attention for 
examining the flexural properties. The bending fixture is simple 
and the test may be performed on thin specimens. However, a 
minimum thickness is required to avoid flexural failure and 
ensure the appl i cabi 1 i t y of small displacement beam theory. The 
crack length and the span of the specimen is always adjustable, 
making it the most flexible of all the Mode II tests. 

Depending on the nature of the exper i mentat i on , different 
sets of dimensions were selected by various researchers. Carl sson 
et . al . ^^\ised end notched flexure (ENF) spiecimens to find Mode II 
energy release rates for different thickness to span ratios, 
neglecting inter-laminar shear deformation- The expression for 

G was derived using short deflection beam, theory a.rid a 

lie 



EMF 




CBEN 



Fig.i4 Schematic diagrams of Mode H bending tests: (a) End Notched 
Flexure, (h) End Loaded Split (thin ) or End Notched Cantilever Beam 
(Thick ); (c) Cantilever Beam Enclosed Notch. 
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numerical analyeis was conducted. The in-fluence o-f geometrical 
and material properties on , the criteria -for the crack to be 
unstable and the crack propagation due to -friction between the 
crack surfaces is vividly described. Moron and co-wor kers ^ al so 
used ENF specimens to determine mode II interlaminar fracture 

toughness for various types of fibre reinforcement. Maikuma 

( S ) 

et.al. studied the mode II del ami nat i on , using centre notched 
flexure (CNF) specimens, in four types of carbon fibre 
reinforced polymer matrix composites. The values were 
determined experimentally, analytically and also using finite 
element analysis. On comparison between ENF and CNF test methods 
analytically, excellent agreement was obtained. Davies 
et.al. examined the delamination resistance of 
unidirectional carbon/epoxy composite. The results of a round 
robin exercise involving 10 laboratories are presented. They 
found that the mode II initiation values depended on the starter 
film thickness, lower values with less scatter for thin films 
while the propagation values were reproducibly measured. The Mode 
II value was also found to depend on specimen width. 

Little work has been carried out in the area of dynamic Mode 
II fracture in composites. Smiley and Pipes^^^^ investigated the 
rate sensitivity of composite specimens in Mode II for a range of 
cross head speeds. Under impact at slow speeds the behaviour was 
ductile with plastic deformation and at high speeds brittle 
fracture with little crack growth. The values decreased on 
increase of shear displacement rate due to decrease in 
development of plastic deformation during loading. 

The del ami nat ion fracture toughness of graphi te/epox y 
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impact loading was studied by Sun For a short beam 
specimen, the relation between impact -force and strain response 
is complicated by the -fact that -flexural waves are dispersive. An 
indirect method using -finite element analysis, the contact -force 
history was obtained. The maximum value of G provided by impact 
at the threshold velocity (minimum velocity at which the crack 
extends) is taken as critical G. The Mode II was found to be 
predominant and the values of G obtained were much higher than for 
the quasi -stati c case- 

hai kuma et-al. repeated the investigation o-f Mode II 
interlaminar fracture of composites under impact loading. Their 
model was based upon the beam theory including kinetic energy 
contribution and dynamic finite element analysis along with 
virtual crack closure techniques. In experimentation, CNF 
specimens were tested in 3-point bending in the instrumented drop 
weight tester. The initiation and propagation toughness values 
were found to be smaller than the corresponding quasi-static 
val UBBm 

In this study carbon/epoxy specimens with an edge artificial 
crack were prepared in the laboratory from sixteen layers of 
unidirectional fabric. The specimen was subjected to S-point 
sending by a load bar, in which a square shaped stress pulse was 
generated. The rate of energy input to the specimen was 
determined by recording the incident and reflected pulses in the 
.oad bar. The crack velocity was measured by the propagation 
gauges bonded in front of the crack tip. By knowing the rate 
jf energy input to the specimen and the crack velocity the 
energy release rate was evaluated- 
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In chapter 3, specimen preparation described in 
applicable particularly tor this technique. Chapter 
with the working of the technique in Hade II testing, 
and discussions are dealt in chapter 5. Finally the 
are given in chapter 6. 


detai 1 , is 
4 concerns 
The results 
conci usi ons 



CHAPTER - 3 


SPECIMEN PREPARATION 

Carbon/epoxy specimens having ENF configuration were prepared ir 
the laboratory by the hand lay-up technique. Mode-II precracking o-i 
the specimens was done in -fatigue. Propagation gauges were bonded or 
the specimen in front of the crack tip to measure the crack velocity. 

3* 1 Hand Lay-up Technique 

llni di recti onal carbon f abri c (G-80S) with warp to weft ratio o-l 
91:9 was cut to obtain 16 layers of size 160 X 160 mm and the desirec 
angle. Epoxy <LY556) , hardener (HT1907 IN ) and accelerator <DY062i 
were weighed in the ratio of 100:85:1-5- Using a brush (width 25 mm) < 
thin layer of this mixture was applied over each layer bv' keeping oni 
layer above the other in a desired sequence. A thin BOPP (Bi -ax i al 1 > 
oriented polypropylene, thickness 20 pm and width 30mfn) was kep1 
between the eighth and ninth plies to obtain an artificial crack 
the centre. The orientation code of the laminate is shown in figur« 
3- 1 . 

3.2 Orientation Code of the Laminate 

The salient features of the stacking sequence are : 

(i) The coupling stiffness matrix IBl is null. 

(ii) Presence of an interface at the centre of the laminate. 

(iii) The overall laminate is unsymmetric. However the halv^ 
abouct the mid plane are symmetric. 
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Fig. 3.1 Orientation code of the laminate. 



(iii) The overall laminate is unsymmetr i c: . However the 
halves about the mid plane are symmetric. 

The coupling stiffness matriK for the given orientation is 
given by : 


B. .= 

1 J 
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On simp! if ication 

B. . = 0 
1 J 

For the laminate, the faending-stretchi ng coupling is 
eliminated. On application of bending moment to this laminate 
produces only bending strciins but no mid plane strains. The mid 
plane of the laminate forms the plane of delamination. Hence an 


artificial del ami nation crack is made here 
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3.3 Preparation of the Laminate x 

The stacking obtained by the hand lay-up technique was 
covered by the BOF'F* films, one above and anotheer bellow it and 
four pieces of woolen felt (thickness-6 mm) along the edges of 
the stack so that the excess epoxy was readily absorbed . The 
assembly is placed between two aluminium plates (240 X 240 X 15 
mm ) and kept in between the two plates of the hot press- 

A pressure of 0.29 MF'a was applied using a pump attached to 
a hydraulic jack of 20 ton capaci ty ^ The heating elements 
which are thermostat i cal 1 y controlled, are switched on to their 
100% efficiency. The temperature of the laminate was measured 
using a copper-constantan thermocoupl e . The end of the 
thermocouple was embedded near the edge of the stacking before 
being compressed. The generated DC voltage due to the increase 
in temperature was measured using a digital multi -meter. The 
schematic view of the press is shown in figure 3.2. 

The multi-meter reading was allowed to increase to a value 
of 5-4 mV correspondi ng to a temperature of 150^C of the 
stacking- At this temperature, the epoxy mixture becomes highi'y 
viscous toformStgel- The pressure was then raised to 0.98MPa -The 
efficiency of the thermostat element was brought down to 42/1- 
This rate of heating and cooling enabled a constant temperature 
of i50°C ' to be maintained. After an hour, the thermostat was 
sv^?itched off and the laminate assembly was allowed to cool down 
to room temperature in the hot press at the same pressure- 

The laminate was taken out and the release films and felt 
pieces were removed. The plate was cut to obtain CNF 


(centered 



n 



Fig. 3 . 2 . Schematic View of the Press 
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notched flexure) specimens using a diamond cutter, cooled by 
running water. The specimens were then polished on their sides 
using emery papers of 150 grits. 

3.4 Preparation of Specimen ; 

In order to obtain a sharp crack tip, precracking of 
specimens is important before conducting the flexural test. As a 
blunt crack-tip absorbs more energy, precracking ensures 
uniformity among the crack tips of ail specimens. 

The sharpening of crack is done in mode-II by subjecting the 
CNF specimens to fatigue loading. The specimen was loaded on the 
Material Testing System (MTS 80, Capacity-~10 ton ) in 3~-point 
bending having a span of 40 mm (the load was slowly increased 
under 107. stroke controlled condition until the crack extended. 
A plot between the load and displacement for above specimen gives 
the ultimate strength in flexure. 

The maximum load for fatigue testing was selected to be 607. 
of the ultimate load. The minimum load was 107. of the maximum 
load. A frequency of 5 Hz gave sufficient time for the crack to 
propagate. Fatigue test was done under load control. 

Each specimen was coated with whitener in front of the 
starter crack for about 10 mm. The specimen was subjected to 
fatigue loading as shown in figure--3.3« Either side of the centre 
crack was extended individually so that one could control the? 
distance travelled by each crack-tip. A magnifying lens and a 
table lamp helped to accurately monitor the propagation of the 
crack-tip. The crack grew against a white background and when 




L - 20mm 
h ” 3.5mm 
Dp - 9.5mm 

Fig. 3.3 Precracking CNF specimen under 3-point 
bending in fatigue, one crack-tip at a 
time. 
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the crack attainc'd a length ot approx i mat ei y 10 mm, the load was 
slov-^ly released. 

F'rom each Cf'4F’' specimen, two ENF- specimens were obtained 
whose dimensions are shown in tiQurG-3.4. 

3.5 Propagation gauges : 

F^ropagat 1 on gauges were developed in the laboratory using 
thin wires ot copper carrying electric current. Four groov^es of 
depth 0.2 mm were made in a specimen starting from the crack-tip 
at a distance of 0.5 mm. Thin copper wires (diameter 28 ^m) after 
degreasing, are placed one each in a groove and then bonded to 
the specimen by epoxy mixture (i-e. epoxy (LY556) and hardner 
<HY951) in the ratio of tension in the wire was 

maintained using press blocks and small C-clamps. 

After curing, a thin crack-tip was made in the epoxy layer 
using a sharp razor blade along the starter crack as shown in 
fiqure 3.5 . Also, a groove was cut in the epoxy bond layer as 
shown, to facilitc\te crack propagation. After checking the 
continuity of propagation gauges using a multi meter , the ends of 
the propagation wires were ^olbered to a relatively thicker 
copper wire (diameter 60 fim ) to be connected to an oscilloscope 
through a logic box to be expl^-^^^^ chapter 4. 







CHAPTER - 4- 


Dynamic Mode-II Testing 


4*1 Introduction 

E.NF specimens were tested in a three point bend testing 
fixture with a load bar under dynamic conditions- The schematic 
view of the experimental setup is shown in figure 4.1 . The 
striker accelerated in the air gun, gains a velocity around 6 m/s 
and impacts the load bar. A compressive stress pulse is generated 
at the point of impact in the load bar which traverses the length 
of the bar. At the end of the bar, part of the energy is given to 
the specimen and the remaining is reflected as a reflected pulse. 
The work done on the specimen goes to increase the strain energy 
of the specimen, formation of new cracked surfaces and provides 
kinetic energy to the specimen. The specimen is supported over 
two rigid supports which absorb negligible energy- The record of 
incident and reflected pulses by strain gauges bonded to the load 
bar provides the energy input to the specimen. The crack velocity 
is measured through the propagati-on gauges infront of the crack- 
tip. The expert mental -setup of dynamic mode II testing is shown 
in figure 4.2 - 

4*2 Elastic Wave Propagation in the Load Bar : 

The determi nat ion of energy input to the specimen is based 
on the theory of one dimensional elastic wave propagation in 
circular load bars. On impact, the load bar remain elastic as the 
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Fig, 4.1 Schematic diagram of the experimental setup. 









stresses are low. Further the wave propagation is nondi per si ve in 

the chosen circular cross-section of the bar. This facilitates 

application of one dimensional elastic stress waves to determine 

the load and particle velocity at the midpoint of the specimen by 
(14) 

the load bar 

The incident and the reflected pulses are sensed by the 
strain gauges mounted on the load bar and recorded by the digital 
osci 1 1 oscope. The gauges are placed at a sufficient distance so 
that by the time the reflected pulse arrives at the strain 
gauges, the incident pulse dies down and the two pulses are 
cleanly recorded without an overlap or interference. The distance 
is decided by the longitudinal wave speed (c) given by (E/p) 
where E and p are Young's modulus and density respecti vel y - For 
carbon steel, the wave speed is 5-15 mm/ps. 

The next section discusses how the load on the specimen and 
the particle velocity at the midpoint of the specimen are 
determined from the record o-f the incident and reflected puiseS. 

4*3 Evaltiation of Stress aiKi Particle Velocity i 

Stress wave propagation in the load bar is shown through a 

time - distance diagram as in figure 4.3. Applying one 

dimensional stress wave theory for a linear elastic material , the 

( 15 ) 

wave equation along character! st i c direction are : 

dcr - ,pcdV = 0 along positive characteri stic 

dcr + pcdV = 0 along negative characteristic 



Time 



Fig. 4.2 Tine - distance diagram. 
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where dcr and dV represent the change in stress and particle 
velocity respectively and the product pc is called the acoustic 
impedance o-f the material. 

Along path 1—2, one obtains 

cr ~ pcV^= -* pcV^ ( 4 . 1 ) 

For the path 2 “ 3, the relation becomes 

<r •+ pcV - cr + pcV (4.2) 

Since the load bar was at rest with no internal stresses 
just before the impact , the relation along the character i st i c 1 
- 0 provides 

cr + pcV = 0 (4.3) 

11 

The striker and the load bar are made of the same material 
and of the same diameter. In such symmetrical impacts, once the 
compressive pulse generated at point A makes a round tip to the 
rear end of the striker and comes to the interface, the stress 
and particle velocity becomes zero at the interface. The relation 
along 3 - 4 simplifies to 

cr pcV = 0 

3^3 


(4.4) 


Substituting the values of and V^from equation (4.3) and 
(4.4) in equation (4.1) and (4.2) respectively, one obtains 

(4.5) 

(4.6> 

two equations, the stress and particle 
are : 

( 4.7) 

(4.8) 

The point 2 corresponds to the specimen face with the 
incident bar. The load applied on the specimen becomes 

P= (c3r+cr)A (4.9) 

2 13 

k^here A is the area of load bar. 

At any time t, the stress (tr ) and particle velocity (V ) 

2 2 

are known from the instantaneous values of cr and cr . For a time 

1 3 

duration of (0-t),/iis, the work done on the specimen is given by 

t 

k = f P V dt 

J 2 2 

O 


From the above 


velocity at point 2 


cr - cr + cr 

2 1 3 



( 4 . 10 ) 



4.4 


The Supports t 


Ihe specimen is supported by two heavy steel blocks which 
are held rigidly to the base channel of mild steel » Two carbon 
steel pins of 10 mm diameter and 24 mm long are brass soldered at 


the top 

of both the blocks, 

one 

on each block. 

These two 

pins 

wor k as 

end supports of 

the 

specimen. The 

two blocks 

are 


positioned in such a way that the span between the two pins is 50 
mm and the pin on the load bar is equidistant from either pin. 
The supports are so rigid that they absorb negligible energy. 

4.5 Air Gun : 

The air gun provides a mechanism of accelerating the 
striker. The advantage of using the air gun lies in the fact that 
a desired velocity of the striker can be obtained. 

The air gun available in the laboratory has been specially 
designed to conduct dynamic experiments (figure 4. 4). The breech 
assembly which stores high pressure nitrogen gas is equipped with 
a quick opening mechanism as well as a control panel to fire the 
gun. The gun barrel has a diameter of 19.8mm and a length of 
1680mm. The internal surface of the barrel is polished using 
different grades of sand paper from coarse to fine and a light 
lubricant is applied .The desired velocity is obtained by 
controlling the ’pressure given to the air gun through a control 
panel. The striker has a diameter of i9mm and a length of 281 mm. 
It is made of carbon steel weighing O- ^S3 kg. The striker is 
inserted in the barrel using a stiff copper wire. In order to 
prevent leaking of the compressed nitrogen gas through the sides 




Fig- 4-4 View of the Air-<3un 




of striker, an 'O'ring is provided on a suitably designed groove 
close to the rear end. The ' 0 ' ring is kept lubricated with the 
silicone vacuum grease. 

The velocity of the striker coming out of the barrel i s- 
measured through an optical system. Three light beams are 
emitted, from lEE 387 bulbs installed at an interval of i5mm in a 
aluminium block attached at the front end of the barrel. Each 
light beam is recieved by a photo-diode (SI 100) embedded on the 
other side of the aluminium block such that the the striker 
passes between the bulb and the photo— diode- The photo— diodes are 
connected to the time counter capable of measuring time with an 
accuracy of l^is. As the projectile cuts the first light beam the 
first screen of the counter starts counting; when the striker 
cuts the second beam, first screen of the counter stops counting 
and the second screen starts. Simi larly the third screen starts 
and the second stops when the stYlKer cuts the third beam. The third 
screen just notes the instant of time - Thus by knowing the 
distance between the light beams and the time time taken by the 
striker, the velocity of the striker is determined. 

4.6 Recording of Stress Pulses i 

The impact of the striker with the load bar produces stress 
pulses in the load bar. As a result the bar undergoes longitudinal 
def ormati on- The strain gauges bonded on the load bar are also 
deformed simultaneously. The longitudnal strain of the load bar 
is proportional to the change of resistance of the strain gauges. 
This resistance change is seen as potential change in the 

when connected through a balanced Wheatstone 


oscilloscope 



bridge. The circuit of the Wheatstone bridge is shown in figure 
4.5. The strain gauges sense the stress pulses and the resulting 
resistance change in the already balanced circuit varies in 
accordance with the nature of the pulse. The digital oscilloscope 
digitizes the potential changes in the circuit and records the 
incident and reflected pulses. 

The digital oscilloscope (Nicolate 2090 III) has two independent 
channels « Each of these channels were used to record the stress 
pulses and the crack growth rate seperatel y. Tr i gger i ng of the 
oscilloscope was done internally through the snapping of the 
first propagation gauge. As anin-buiit feature of the oscilloscope 
the last stress pulse is recorded just before the oscilloscope is 
triggered. The oscilloscope has a sensitivity of 0.5/Lis on its 
time scale. 

4*7 Measurefneni of Crack Velocity : 

The crack velocity or the rate of the crack growth is 
determined by the propagation gauges bonded infront of the^ crack- 
tip The specimen deflects in three point bending under an 
impact load of the load bar. This causes the sliding of the two 
halves of the laminate about the midplane resulting in 
propagation of the crack. The extending crack breaks the 
propagation gauges, one by one in a sequence. This causes potential 
drops in the electronic logic unit circuit to be recorded by the 
osci 1 1 oscope. 

The circuit of the electronic logic unit is sho^wn in figure 
4.6 . It consists of integrated chips, rest stances and condensors 
to qive a sharp response time (less than 0.5 jus). The reset 






Fig. 4.6 


Circuit of Logic Unit 




ensures the continuity of the circuit. The circuit has been so 
designed that the successive potential drops occur in the output 
of the circuit due to the snapping of the four propagation 
gauges. The four drops appear as four steps in a stepped wave form 
against a time scale in the oscilloscope trace. The time duration 
between each drop and the distance between each adjacent gauge 
gives the crack velocity over a distance of about 2 mm in front 
of the crack tip. The top view of the specimen after bending is 
shown in figure 4.7 . Another view showing the position of the 
specimen is given in figure 4.8 . 

4.8 Callberation of the Bridge Circuit : 

For the measurement of the loads on the specimen, the bridge 

circuit was caliberated before conducting the experiment. The 

bridge is balanced using the 500 and 2KO variable resistors. The 

caliberation resistance R is included in the circuit using a 

c 

switch which shows a voltage deflection on the oscilloscope . The 
value corresponds to the strain of the bridge-strain gauge 
circuit. The caliberation strain is given by^^^^ 

^ Rg 

S = (4.11) 

S (R + R ) 

9 9 c 

where R^ is the gauge resistance 

and S is the gauge factor 
9 

Hence the strain recorded by the oscilloscope corresponding 
to Imv deflection is obtained. The load on the specimen is 


caxlculated from the strain record. 


4.7 


Top View of the Specimen after 


Fig. 



Fig. 4. 8 Another view of the Specimen in 3-point Beikling 


CHAPTER 5 


RESULTS AND DISCUSSIONS 


5.1 Analysis of Stress Pulse Records : 

A technique has been developed to determine the critical 
energy release rate values in mode II ) under dynamic 
condit i ons. In this study, the technique was applied to 
Carbon/Epoxy composites. The impact of the striker with the load 
bar generates one dimensional stress waves. These waves are 
sensed by the strain gauges and recorded by the oscilloscope. A 
typical stress wave form is shown in figure 5.1 . The incident 
pulse shows a rise time of 17.8 p<s while the reflected pulse 
takes a longer rise time of 23.7 /us. Following the relations of 
equation 4.7 and 4.8, the loads and the particle velocities at 
the end of the load bar are found. A set of graphs showing the 
variation of the load versus time and particle velocity versus 


time is given in figures 5.2 and 5.3 respectively. The load 
increases to a value of 16.49 kN in 12 /us and drops to zero in ol 
/us. It is noted that the load time graph shows a peak. The 
particle velocity increases to a value of 5.5 m/s in ^/s and 
remains constant. The load bar loads the specimen in 3— point 
bending. The work done on the specimen is used to increase the 
strain energy and the kinetic energy of the specimen and to form 
new surfaces. The work done or the energy input to the specimen 
varies with time which is shown in figure 5.4. The amount of 
work input reaches a maximum value of 0.05 joules in 18.5 /us. 




Fig. 5.1 A Typical s-bress Waveform Showing -the Inciden-b 
and Reflected Pulses 
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Fig. 5.2 Load - Time (P-t) Relationship 
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Fig. 5.3 Particle Velocity - Tine (V-t) Eelatlonsbip 



5.2 Conditions for Crack Propagation : 

Separate experiments were conducted to examine the behaviour 
of the pulses to the presence ot cracks and different boundary 
conditions. The following cases were considered : 

(a) Specimen with no crack and no supports 

(b) Specimen with a crack and no supports 

(c) Specimen with no crack and with supports 

(d) Specimen with a crack and with supports 

Ihe geometry of the supports was not varied in the above 
CaSes. The incident and reflected pulses in each case are shown 
in figure 5.5 . The superposition of the reflected pulse over 
the incident pulse (figure 5.6) shows the difference in rise 
times; and the load on the specimen at an instant is proportional 
to the difference in the magnitudes of the pulses. 

In the specimen with no crack and no supports, the incident 
and reflected pulses almost coincided with each other if the 

attention is confined to the rise time only. The slight 

difference in the stress value loads the specimen to the peak 
value of 1.42 kN (figure 5.7). The specimen with crack and no 
supports shows the incident and reflected pulses coinciding with 
each other during the rise time. The load on the specimen was 
zero. As expected, the crack in the specimen did not propagate. 
In the third case the reflected pulse of the specimen without 
crack and with supports had a smaller slope than that o 
incident pulse. The load time graph shows a peak o 

7,35kN(f igure 5.7), In the fourth case of the specimen with 

crack and with supports the rise time is more for the reflected 
pulse in comparison to the incident pulse, Ff om the d' 
the load on the specimen is evaluated as shown in figure 5.7 
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The load VB time relations of cases (d) and (c) correspond to 

specimens with and without crack respectively. The presence of 

the crack makes the peak load occur earlier. This suggests that 

the crack had started to move which decreased the specimen 
stiffness and hence the load on the specimen. All the four cases 

show that the rise time should be the focus for crack propagation 

studi esu 

5.3 Data Reduction 

The analytical strain energy release rate formulation in an 
elastic body is based on the energy balance that includes the kinetic 
energy, K« Expressed in terms of compliance, the dynamic strain 
energy release rate for the onset of crack propagation is given 
by 

e” = -P_ _ i an <5.1) 

lie 2W da W da 

where P is the applied load in a three point bend specxmen, 
c is the specimen compliance, W is the specimen width and a is 
the crack length. 

For a linear elastic body 

6 = C P 


where <5 is the deflection un 


der the load. 



ftt the peak oi load V5 time graph of figure 5.2, the load does not 


vary 


with the extending crack. 


Di-ff erentiati on of equation 5.2 gives 


dC 

da 


1 dS 


P da 

c 


<5. 3) 


where P is the peak load. 

c 


Substituting in equation 5.1 one obtains 


lie 


d<S 

da 


dK 

'bda 


(5.4) 


Considering the rate of specimen deflection and crack growth 
the above equation reduces to 


G® 

lie 


P 

c 

2b 


d6/dt 

da/dt 


dK 

bda 


P V 

e 


2 b a 


dK 

bda 


»here V is the velocity of the specimen under the load bar 
1 a is the crack propagation velocity. The velocity V is taken 
jui figure 5.2 corresponding to the time which 
id i n figure 5. 1 

ru. nn term in equation 5.5, the 

In order to evaluate the -ct-una te 

• a car- pad as twQ cantilevers loaded on 
loint bending can be considered 

:her side of the centre as shown m figure 



dynamical ly at the centre under the load bar and thus 


kinetic energy. The second term of equation 
change in kinetic energy. The deflection of 
beam (figure 5.8 ) is given by 




5.5 accounts f 


the left half 


Ss 
the 

thf 


6 


P 

c 

12EI 


( - X ®+ 3LX 


'>5, 


6 ) 


The maximum deflection of the beam is 


6 

max 


P L 

C 


3 


6EI 


(5.7) 


Normalising equation 5.6 with 6 ,one obtains 
^ ^ max 


(-X + 


* ■ 3LX^ ) 


0 <x< L 


(5.8) 


max 


2L' 


For making an estimate of the kinetic energy, the change in 
the stiffness due to the presence of crack has not been ^cco^nted 
for. This does not make an appreciable difference i the 
as the first term in equation 5.5 was found to domi 

Considering the velocity variation to be similar to that of 

the deflection 


V 


b 


V 


b 


(-X®+ 3LX*) 



where v is the velocity at point X 
b 


0 <X< L 


( 5 . 9 ) 
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?r 9 y ^ t‘. h © 1 0 •f t h cl 1 f of ii h 0 b © b ni is givBn by 


r 1 

(pcix) 


= p J*" V* dx 

o 4L‘* ^ 


,, 2 , 

280 ^ 


(5. 10) 


The kinetic energy of the right half of the beam is same as 
left half, and so the kinetic energy of the entire beam is 


p V*L 

D 


The kinetic energy term associated with the critical energy 
slease rate is given by 


dK 

bda 


pLV^ dV^ 




(5.11) 


70 b 


Substituting equations 5.11 in equation 5.5 the relation for 
he dynamic critical energy release rate is 


p L V 


<5. 12) 


S.4 Crack Velocity 

The crack velocity or the 


rate of crack growth is determined 



52 . 


ending crack breaks the propagation gauges one a-fter another, 
a result, the potential drops occurring in the logiccircuit are 

orded on the oscilloscope against a time scale as shown in figure 

The logic circuit has been designed such that the first gauge 

a potential drop of 800 mV, the second 400 mV, the third 200 mV, 

I the fourth 100 mV. Thus the potential drops indicate the order in 

ch the gauges have been broken. Also the time duration between the 

)p5 and the distance between the corresponding gauges determines the 

^ck velocity- In most of the experiments the propagation gauges did 

: break in proper sequence. The reasons for such a behaviour can 

due to reasons described as follows. 


A large number of experiments were conducted to develop the 
ihnique to obtain breakage of the gauges in sequence. The 
quence of breakage was found to be at random- Replacing the 
in copper wire (diameter 28 microns) by a slightly thicker wire 
iameter 60 microns) did not make any difference- The logic 
it was checked for the response time of each gauge. It was 
iund to be smaller than the fastest time of two neighbouring 
(Cord points of the digital oscilloscope, that is, less than 0.5 


It is now believed that the problea exists due to several 
:tors. First oF all the epoxy «hloh is used to bond the gauges 
the specimen has much lower modulus than compared to .copper, 
.sequently the cracked two halves of the epoxy do not work as a 
.d Shearing die. The epoxy under the sideways force of the wire 
compressed rather than cutting the wire. Also, the thin wire 

■ks like a razor blade and to certain extent, cuts into the 

fhe wire fails in tension in 

les of the epoxy • As s result, 




with a 


cissor having a play between two blades. The wire tends to 
get elongated. 

The breakage o-f wire in tension has its own problems. The 
copper wire used tor the studying has a high ultimate strain ot 
147.. Each breakage would take a relatively long time in 
comparison to the time taken by the crack to move from one gauge 
to another « 

Another problem is also associated with the breakage ©"f wire in 
tension. The wires were bonded normal to the cracked -faces. When 
one face slides over another with an unsupported or loosely 
supported wire in between the length of the wire, hardly changes 
its length (generally known as the cosine law). The wire would not 
break until a large amount of relative slide takes place. This 
makes the gauge less sensitive to each breakage. 

These problems can be reduced considerably by proper choice 
of the gauge material such as replacing the copper wire by a 
carbon fiber with its low ultimate strain of about 1.57.. Also, 
the gauges can be bonded at an angle as shown in figure 
5.10 ,to minimize the effect of cosine law. 

These modifications could not be tried out due to the 

limitation of time. Hence the crack velocity was calculated by 
dividing the total distance between the recorded drops by the total 

time recorded by the drops. 


5. 5 Results 

A number of 
details are given in 


experiments were conducted and their 
Table I. The width and thickness of 


specimen 


were maintained 


around 20 mm and 4 mm respectively. 


the 

Two 



v 


■77^ 


z:; 


V 



(a) 



Fig.5.1G(a) Gauge having free length A 

(b) Suggested inclination of propa- 
gation gauges. 


Table - I 


EXPT. 

NO. 

SHOT 

NO. 

WIDTH 

(mm) 

THICKNESS 

(mm) 

SPAN (2L) 

(mm) 

DIAMETER 

OF 

GAUSES 

(mm) 

ORIENTATION 

CODE 

1 

BSF6 

20.48 

4.86 

30.60 

0.06 

A 

2 

BSF24 

20.06 

3.52 

30.60 

0.06 

B 

3 

BSF25 

19.08 

4.60 

50. 00 

0.06 

B 

4 

BSF26 

18.00 

4.62 

50.00 

0.06 

B 

5 

BSF28 

20.30 

3.68 

50.00 

0.06 

B 

6 

BSF33 

20.72 

3.96 

50.00 

0.028 

C 

7 

BSF3S 

19.98 

3.74 

50.00 

0.028 

C 

8 

BSF39 

20.04 

4.00 

50.00 

0.028 

C 

9 

BSF40 

20.78 

4. 12 

50. 00 

0.028 

C 

10 

BSF41 

19.98 

3-78 

50.00 

0.028 

C 

11 

BSF44 

20.00 

3.90 

50.00 

0.028 

c 

12 

BSF47 

20.34 

3.76 

50.00 

0. 028 

c 


B - £0/90/0/90/90/0/90/0/™''“''™^°™^’''^®^™^ 

C - C0/45/0/45/45/0/45/0/4S/0/45/0/0/4S/0/953 









length was increased -from 30.6 mm to 50 


mm to provide increased 


sliding between the cracked surfaces -for from 60 ^m to 28 pm to 
decrease the amount of energy spent in breaking the gauges. The 
orientation code <as given in Table I) was changed from A to B. 

This was done as the changed stacking sequence B has an interface with 
the symmetrical halves about the mid plane and the coupling 
stiffness matrix CB3 is null. It was found that, in case B, the 
cTBck pr* op Hgciti 0 d on 3 di'f*f©r©niz pl^n© by brooking th© •fibrBs (wofti) 
of the 90*^ ply- Thus the code was again changed from B to C to 
facilitate the crack to propagate in its own plane as warp and weft 
are at 45*^ to the crack propagating direction.. 


The wave-form records of twelve experiments are shown in 
figures <5.11 - 5.13). The nature of the incident and reflected 
pulses are almost identical except for BSF 6 (figure 5.11) which shows 
a peak before the rise time is over. The data obtained from these 
records are then processed to obtain the load (P) versus time (t) and 
particle velocity (V) versus time (t) plots. The plots are shown in 
figures <5.14 - 5.25). Most of the P-t plots show a sharp increase in 
load with a rise time of 12-16 ps, except for BSF44 and BSF47 which 
take 25ps and 20ps respectively. The load dies down in about o0ps in 
all other cases except BSF44 and BSF47 which take 42ps and 47ps 
respectively. The particle velocity rises almost linearly in most 
cases but for BSF 6 and BSF 33 which show a nonlinear rise. The 
particle velocity reaches a maximum value in all cases and remains 

constant . 


The pssk values of load and their corresponding 
velocities account for the change in the external work done 
crack advance. fls mentioned earlier, the crack velocities 


particle 
per unit 
have been 
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calculated by considering the total time taken between the first and 
last gauge drop recorded and the total distance travelled by the crack 
in between the drops. Using the relation (equation 5.12) the values 
of dynamic are evalusited. The results of twelve e::periments 

tabulated in Table II. The average values of dynamic 0° 

lie 

obtained for the laminates A, B and C are 1022, 1598± 205, and 

-r 2 

i693± 393 J/m respect i vel y- 

5# 6 ^ quasi-static case s 

Carbon/epoxy specimens were tested in 3~point bending -for a 
quasi -static case- The initial crack length was adjusted to lOrnm 
and the span was kept at 50mm- The specimen loading was carried 

out in displacement control as shown in figure 5-26. The load range 
was upto 3 tons and load was increased at the rate of 10 Kgs/sec. A 
load versus displacement plot shows a linear increase until a sudden 
drop in the load occurs. This indicates that the crack has 
propagated- The slope of the load-displacement plot is determi ned « I ts 
inverse gives the compliance C of the specimen- the 
are determined by 

9 P*C a* 

“ 2b (2L*'+ 3a®) 

where P is the applied load, C is the compliance of the specimen 
2L is the span length, a is the crack length and b is the specimen 


width - 






Fig. 5.26 


*T 


- Point Bending of the Specimen 
in a Quasi - static case 
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Table III qives a set of values far G in quasi-static 

lie 

conditions. The average value is 977 J/m^. 


5*7 Discussions : 

On comparison of dynamic and quasi static 

xxc 

conditions, the values for a dynamic case are higher (by a factor 
of 1.7 ) than those of quasi -static ones. 


In literature so far, varied results have been presented- Sun 
et.alf^^^ also found increased value of the dynamic values of 

G (by a factor compared to the values in 

X I c ^ 

(10) , reoorted a decrease 

quasi -static case. SfOilsy and Mdik P 

. . 1 r r' the loadinq rate is increased, 

in the values o-f S iwauxi.y 


In the wor 


k o-f other investigators, static or dynam: 


, • 4 . .4 between two like plies at the mid-plane 

precrack was introduceo □eT;ween t-w i- 

4 , ^ Thic: was done to avoid coupling between 

o-f symmetric laminates. This was aone 

j. i. K - r>n at the expense of propagating cracks between 
bending and stretching at tne e--.pen^d 

. Tr, 4 :«c;t, experimental evidences have shown that only 

two like plies. r 

- j. i. ■ ..V c=carvdr-af a Thus the results of 

1 4 . «ame orientation separate, i nu^ 

rarely two plies of seme ^ 

not be applicable to real life failures. 

other investigators ff^^Y 

. -dentation code selected for experimentation 

The present orientation 

r,Hihions i.e. its CB3 matrix is null and an 
satisfies both the condi , 

•me with two symmetrical halves. This enables 
interface is possible 

4.. . ^tudy the behaviour Of crack propagation at an 

an investigator to 


interf ace. 



Table - II 


E K p t 

— 

Shot 

Cr ac k 

Peak 

Velocity 

PV 

dk; 

G 

No« 

No. 

Vel oci ty 

Load 

Under Load 



JDC 




2b a 

da 




(m/s) 

(KN) 

(m/s) 



C J /iT^ / 


BSF6 


11.9 

4.7 

7187 

6165 

1022 


BSF24 


8.5 

1.8 

3483 


1457 


BSF25 


11.8 

4.5 

16541 


1 725 

4 

BSF26 


11.1 

4.4 

5726 

4378 i 

1348 

5 

BSF28 

124 

11.7 

3.5 

8080 

6219 

1851 

6 

BSF33 

86 

12.5 

3.5 

11527 i 

9452 

2075 

7 

BSF38 

70 

9.8 

3.8 

13520 

11537 

1 983 

8 

BSF39 

200 

8.5 

3-4 

3639 

oo *T 

1426 

n 

BSF40 

68 

6.2 

2.6 

5785 

4338 

1447 


BSF41 

157 

7. 1 

2-4 

2733 i 

1006 

1727 

m 

BSF44 

260 

8.0 

4.6 

3556 

1366 

2190 

H 

BSF47 

230 

5.3 

3.6 

2039 

1032 

1007 


Average 

value 

of 

dynamic 

s® 

lie 

for 

1 aminate 

A = 1022 

J/m^ 


Average 

val ue 

of 

dynamic 

B® 

XIC 

f or 

1 aminate 

B = 1598 

± 205 

J /m 

Average 

val ue 

of 

dynamic 

G® 

XIC 

for 

1 aminate 

C = 1693 

± 393 

J/m 


Table - III 


E5<per 1 ment 
Number 

6 

lie 

1 

1 189 


992 

3 

800 

4 

1093 

5 

900 

6 

1013 

























CHAPTER 6 


CONCLUSIONS AND SCOPE FOR FUTURE WORK 


The intet-i • r 

laminar -Fracture toughness values -fpr 6-80SCarbon/Epo:;->/ 
compositte^ . j. 

were determined experimentally under impact loading. 
Precrackfa^ r-Kitr 

u hNr specimens were loaded in 3—point bending resLiiting 
inth0n»f^_, , 

ack extension in mode II. Unlike the work of other 


i nvest i 


i nvest i 


Gators, the configuration of the laminate enables 


an 


Qator to experimentally obtain the valties of critical 


G 


the crack propagates on an interface- The LBl matrix 

f or the 1 ^ • X • 1 1 -ri_ • • . 

laminate is null. This is part i cliI arl y important since 

most life failures occur by deiamination of laminates- The 

average Value of G^ under dynamic conditions (1693 J/m^) is 

lie ^ 

higher by ^ factor of 1-7 as compared to corresponding values of 


^iic ^Uasi -static conditions. 

In the Present study, the values of energy release rate largely 
depend ^he accurate measurement of crack velocity. A more 
sensitive instrument (having a time scale of < 0.5pfs) will give 
a bett^n result. The material of the gauges also plays an 
important role in measuring the crack velocity. A carbon fibre is 
a good f^^pi^cement for the copper wire since carbon is brittle. 
It has ultimate strain of 1.5% .Bonding of the gauges at 

an angle discussed in chapter 5) minimises the effect of 

cosine 
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